Ten dogs suffered acute renal failure after ingesting Ն3 g/kg (dry matter) of grapes or raisins. All dogs had degeneration or necrosis (or both) of proximal renal tubules with basement membranes remaining intact, and epithelial regeneration was observed in 5 out of 10 cases. Mineralized tubular debris or granular to proteinaceous casts (or both) were present in all cases. A golden-brown, globular, intracellular pigment of varying amounts and sizes was observed in 6 out of 10 cases with variable reaction with Prussian blue. Multifocal fibrinous arteritis of the large colon was seen in 2 out of 5 cases with globulin insudation of vessel wall demonstrated by immunohistochemical staining for immunoglobulin (Ig)G and IgM. Mineral analysis on frozen renal tissue from 2 out of 2 cases revealed mildly elevated Ca:P ratio in both. Clinically significant observations were preservation of the integrity of basement membranes after grape-induced tubular injury and presence of early epithelial regeneration. Thus, recovery may be possible if anuria is aggressively managed. With respect to potential pathophysiologic mechanisms, further research into the roles of calcium homeostasis, vascular reactivity, and the significance of the golden-brown pigment is indicated.
Introduction
Since 1998, there have been reports of dogs developing acute renal failure after ingestion of grapes or raisins. 5, 9, 13 By 2001, the American Society for the Prevention of Cruelty to Animals Animal Poison Control Center (APCC), Urbana, Illinois, had enough cases where this was believed to be a real syndrome; thus a letter was written to the Journal of the American Veterinary Medical Association to alert the veterinary community. 9 Clinical signs reported included vomiting in all dogs a few hours after ingestion, with anorexia, diarrhea, lethargy, and abdominal pain seen less frequently. 9 Clinical pathological signs consistent with acute renal failure included increased blood urea nitrogen, creatinine, and phosphorus in most dogs, with half of the dogs displaying oliguria or anuria. 9 Hypercalcemia was also reported in most dogs. 9 In 2003, the British Veterinary Poison Information Service commented on cases they had managed in a letter to Veterinary Record. 5 Among members of the Veterinary Information Network (www.vin.com), 7.4% of respondents in a 2003 survey indicated they had treated at least 1 case of grape or raisin toxicosis.
From 1999 to 2003, the APCC referred 10 of these cases to the Veterinary Diagnostic Laboratory at the University of Illinois at Urbana-Champaign for histopathological evaluation. The aim of this study is to provide morphological descriptions of the renal lesions, identify unique morphological markers of grape or raisin exposure, and identify potential pathophysiologic mechanisms.
Materials and methods
Cases. Clinical information provided by the APCC (Eubig, unpublished data) on the submitted cases included the following: age, breed, sex, weight, amount of grapes or raisins ingested, last-measured serum calcium-phosphorous product (CaP), last-measured serum creatinine (Cr), presence of anuria, and time from ingestion to euthanasia or death (TIME). For grape exposure, the amount ingested was converted to a dry matter basis using a 20% conversion factor (www.sun-maid.com/growing.html) to allow comparison between grape and raisin doses.
Histopathology. Tissues were received from submitting veterinarians in 10% neutral buffered formalin. All samples underwent routine processing and hematoxylin and eosin (HE) staining. Additional special stains included Hall bile stain (n ϭ 5), periodic acid-Schiff/methenamine silver nitrate (PAMS) for membranous changes suggestive of immunoglobulin (Ig) deposition, basement membrane integrity, and carbohydrates (n ϭ 5), phosphotungstic acid hematoxylin (PTAH) for fibrin (n ϭ 1), Prussian blue for iron (n ϭ 6), and Von Kossa for mineral identification (n ϭ 3). 29 Renal histopathology was evaluated by 2 of the authors (VEV and CMKM).
Mineral analysis. Two case submissions included frozen kidney tissue. These tissues underwent mineral analysis using inductively coupled plasma emission spectroscopy. a 
Results
Clinical descriptions. Table 1 presents the clinical information. Four dogs had a history of grape exposure and 6 were exposed to raisins. Breeds represented included Labrador Retriever (n ϭ 3), Labrador Retriever crossbreed (n ϭ 1), Golden Retriever (n ϭ 1), German Shorthaired Pointer (n ϭ 1), German Shepherd Dog crossbreed (n ϭ 1), Australian Shepherd Dog (n ϭ 1), American pit bull terrier (n ϭ 1), and Basenji (n ϭ 1). The sexes included male castrated (n ϭ 8), female spayed (n ϭ 1), and female of uncertain reproductive status (n ϭ 1). The median age was 6.5 years (range 2-13 years), and the median weight was 25.5 kg (range 10.0-40.8 kg).
Of the dogs exposed to grapes, 2 had reported exposures of 480 and 840 g (96 and 170 g dry matter basis) for respective dosages of 21 and 30 g/kg (4 and 6 g/kg dry matter basis). For dogs exposed to raisins, the median exposure was 360 g (range 75-960 g). The median raisin dosage was 21 g/kg (range 3-30 g/kg).
All dogs with measured serum calcium and phosphorus values (n ϭ 8) had elevations in these minerals and CaP (median 186, range 92-264). The Cr was elevated in all 10 dogs (median 10.6 mg/dl, range 4.4-22.8 mg/dl). Seven of the dogs had developed anuria. The median TIME from ingestion of grapes until death or elective euthanasia was 169 hours, with a range of 23-289 hours.
Histopathological description. All cases had varying degrees of renal tubular degeneration and necrosis. The case with the least severe changes had mild degeneration in one third of the tubules consisting of vesiculated nuclei, vacuolated cytoplasm, and tubular dilation ( Fig. 1a ). The most severely affected case had epithelial necrosis with cellular sloughing and denuded basement membranes in all proximal tubules with severe degeneration in the distal tubules ( Fig. 1b ). Most cases had mixed foci of degenerated and necrotic tubules, with 5 cases having focal epithelial regeneration ( Fig. 1c ). In most cases, the proximal tubule segments (proximal convoluted tubules, pars recta) were more severely affected than the distal tubules. Affected tubules in 9 cases contained granular or proteinaceous casts with distributions ranging from focal through multifocal and locally extensive to diffuse. Eight cases had dark blue, amorphous intratubular debris with focal to locally extensive distributions ( Fig. 1d ). Tubular basement membranes were intact in all cases, with 3 cases having basement membrane thickening, likely age related. 11 A golden-brown, intracellular, amorphous to globular, nonrefractive pigment was seen in the tubule lumens and tubule epithelium of 6 out of 10 cases. In cells with intact nuclei, the pigment was perinuclear ( Fig. 2a ). In 2 of these cases, the pigment was punctate (1-5 m) with a scattered distribution (present in 5-10% of 400ϫ fields). In the other 4 cases, the pigment granules formed larger clusters or individual granules (8-15 m diameter) with a multifocal distribution (2-10 granules or clusters per 400ϫ field) or both. No fluorescence was seen when HE sections were examined by fluorescent microscopy b with a narrow-beam blue light c (470-490 nm).
Many of the cases had mild, preexisting membranoproliferative glomerulonephritis (enlarged glomeruli with increased mesangial area, decreased vascular . a. This is from the dog with the mildest histologic lesions. The distal tubule in the lower left is normal (thin arrow), whereas the nearby proximal tubules are in early to middegeneration as indicated by vesiculated nuclei (dashed line arrows) and missing nuclei (arrowheads) (400ϫ). b. This is from the dog with the most severe histologic lesions. The proximal tubules have sloughed their epithelium (arrows). However, distal tubules (arrowheads) still have some epithelium (100ϫ). c. Half of the cases had evidence of tubule regeneration, such as nuclei that are enlarged and spaced close together (arrowheads). The arrows indicate adjacent areas of necrosis and regeneration in the same tubule (400ϫ). d. Eight cases had intranephrotic mineralization (arrows). Glomerular debris was also noted in 8 cases (circle) (200ϫ). space) that could be related to the middle to older age distribution of this study population (median age ϭ 6.5 year). 11 Acute changes included mild to large amounts of proteinaceous debris in Bowman space in 8 cases considered artifactual or a result of reflux of tubular debris (or both) ( Fig. 1d ).
Diffuse collecting duct degeneration was present in 3 out of 10 cases. The medullary interstitium had minimal to moderate congestion or edema (or both) in 7 cases. The cases (n ϭ 8) that had casts and amorphous blue debris in the tubules also had them in the collecting ducts. Cast distribution ranged from randomly focal to diffuse, whereas amorphous debris distribution ranged from randomly focal to locally extensive.
Nine of these 10 had additional tissues submitted. Hepatic changes included centrilobular congestion (9 out of 9), varying degrees of hepatocellular injury (mild centrilobular vacuolization to diffuse necrosis), and varying degrees of intrahepatic bile stasis (8 out of 9) (minimal multifocal to moderate perivenous). Lymphoid changes included splenic lymphoid depletion (2 out of 4), nodal lymphoid atrophy (1 out of 3), and intestinal submucosal lymphoid atrophy (1 out of 7). Vascular lesions included severe, multifocal, fibrinous degenerative arteritis in the colonic lamina propria (2 out of 5) ( Fig. 3a) , myocardium (1 out of 5) ( Fig. 3b ) and aortic adventitia (associated with neutrophilic reaction) (1 out of 2) ( Fig. 3c) ; myocardial necrosis (2 out of 5); and mineralization in other organs (3 out of 9). The dog with the aortic adventitial arteritis also had colonic arteritis. The other dog with colonic arteritis did not have any aorta submitted. The dog with the myocardial arteritis also had focal myocardial necrosis ( Fig. 3b ) with no arterial lesions in the large bowel or aorta adventia. Clinical information about the dogs with vasculitis is given in Table 1 , dogs Nos. 3, 7, and 8.
Special stains. Various special stains were used on renal tissue to assist identification of the golden-brown pigment and potential underlying pathophysiologic mechanisms. Von Kossa staining of 3 of the 10 cases (1 with pigment, 2 without) marked the amorphous blue intratubular debris to be mineralized; the pigment did not stain for mineral accumulation. Staining with Hall bile staining of 5 cases (3 with pigment, 2 without) did not result in positive reactions. The PTAH staining of 1 case with pigment did not demonstrate fibrin in glomerular capillaries. The PAMS stains of 5 cases (3 with pigment, 2 without) confirmed the intact basement membranes as interpreted with HE; the pigment did not react with either the periodic acid-Schiff or the methenamine silver.
Prussian blue staining was performed on 6 cases (4 with pigment, 2 without). No consistent pattern of staining was observed. One each of the pigmented (Fig. 2b) and nonpigmented cases did not stain positive. The other nonpigmented cases had minimal Prus-sian blue staining. Two of the pigmented cases had mild Prussian blue staining, with one fourth to half of the pigment granules stained (Fig. 2c) . The fourth case with pigment had a strong association between the Prussian blue stain and the pigment, with greater than three fourths of the pigment stained (Fig. 2d ).
Special stains in colon and aortic tissue were also used on the 2 out of 5 cases with colonic arteritis and 1 out of 2 cases with aortic adventitial arteritis. These included Steiner for bacterial or fungal organisms, PTAH for fibrin, anticanine IgM, and anticanine IgG. No infectious organisms were revealed with Steiner stain. With PTAH, focal areas of intramural fibrin in association with degenerative arterioles were seen. The IgM and IgG immunohistochemistry revealed focal exudation of both Igs in association with the vascular fibrinoid degeneration and cellular reaction.
Mineral analysis. Mineral analysis was performed in 2 cases. One case had low renal copper (4.1 ppm Figure 3 . Three cases of grape/raisin-associated canine renal failure had multifocal fibrinous degenerative arteritis in nonrenal tissues (out of 9 cases with additional tissues submitted) (HE). a. This raisin-exposed dog had vascular lesions in the lamina propria of the colon with no arteritis noted in other tissues (400ϫ). b. This raisin-exposed dog had myocardial vascular lesions (arrows) with focal areas of myocardial degeneration (arrowheads). No arteritis was noted in other organs (400ϫ). c. This grape-exposed dog had fibrinous arteritis (arrows) associated with a purulent exudates (arrowheads) in the aortic adventitia. Arterioles in the colon lamina propria were also affected (400ϫ). wet weight; normal 5-15 ppm) 21 and a slightly increased renal calcium to phosphorus ratio (Ca:P) of 0.12 (normal Ͻ0.1). 22 The other had increased renal calcium (589 ppm wet weight; normal 50-200 ppm; high Ͼ500 ppm) 21 with a Ca:P of 0.29. Both these cases contained the golden-brown pigment.
Discussion
Ingestion of grapes and raisins is associated with a potentially fatal acute renal failure syndrome in dogs. The toxic principle and mechanism of damage have not been identified. The most consistent histopathological change in these 10 cases was tubular degeneration and necrosis, most severe in the proximal tubules, in association with intact tubular basement membranes. A variety of possible mechanisms make proximal tubular cells a specific target for xenobiotic-induced in-jury. These can include xenobiotic affinity for tubular specific transporters (e.g., ochratoxin-a [OA] for the organic anion transporter); xenobiotic binding to the brush border with subsequent transport into the cell (e.g., gentamicin); xenobiotic activation by cytochrome P-450 enzymes (e.g., organohalides); lysosomal degradation of reabsorbed metalloproteins (e.g., cadmium); and ischemia with or without reperfusion injury induced by numerous vasoactive agents or systemic disease-induced hypoxia. 1, 3, 7, 12 The presence of a golden-brown pigment in 6 of the 10 cases implies a potential accumulation mechanism. The source may be a toxic principle present in the grapes/raisins or grape-induced metabolites or endogenous cellular components precipitated because of hemodynamic or toxic injury. Other disorders associated with pigment accumulation in the renal tubules include hemosiderin from iron overload and hemolytic anemia disorders, 7 biliary pigments from bile nephrosis syndromes, 1 myeloid bodies induced by phagolysosomal accumulating agents (aminoglycosides, ochratoxin), 1 hyaline bodies induced by alpha 2u globulins in male rats, 1 and lysosomal accumulation of ceroid seen in innate (beige mouse phenotype) or induced (vitamin E deficiency) lipid oxidation disorders. 18, 20 Although the golden-brown pigment appears similar to hemosiderosis and may imply iron accumulation as a pathophysiologic mechanism, several factors argue against this. First, renal tubule injury associated with iron is generally due to chronic iron overload disorders or intravascular hemolysis; 14 the histories of these patients did not reflect iron overload and no hemolysis, hemoglobinemia, or hemoglobinuria was reported (Eubig, unpublished data). Second, in clinical cases of iron-induced nephropathy, elevated renal iron levels are expected; 14 mineral analysis of the kidneys of 2 cases with the pigment had normal iron levels. With respect to other heavy metals, the absence of excess renal concentrations of other heavy metals such as arsenic, cadmium, copper, lead, thallium, and zinc make them an unlikely cause of the pigment and heavy metal exposure an unlikely pathogenic mechanism. 21 Although iron is not a primary cause of the renal tubular damage, some of the pigment may still be iron associated. Three of the 4 pigmented cases stained with Prussian blue had mild to strong associations between the pigment and a positive ferric iron stain, whereas the other case was completely negative for iron. One explanation for this variability is that iron may start to accumulate as a later, secondary pathogenic process. Therefore, the unstained pigment might represent an early stage where iron has not yet become associated with the pigment. An alternative explanation is that there are 2 pigment populations: one associated with iron and a grape/raisin-induced pigment. Minimal to mild renal hemosiderin deposits have been reported in 47% of clinically normal dogs without associated tubular injury. 25 In the present cases, the stained pigment could represent preexisting iron deposits, whereas the unstained pigment could represent a pigment induced by grape/raisin toxicosis, with both pigments occupying the same cellular location.
It is not known why 4 of the 10 cases did not demonstrate the golden-brown pigment. It may be possible that cases lacking pigment have very small accumulations beneath the resolution of light microscopy. Acquisition of appropriate samples for electron microscopy through experimental models or patient biopsies would aid in elucidating the role of the pigment in grape/raisin toxicosis.
The OA is a mycotoxin that targets the proximal renal tubule cells. 6 The OA has been detected in Eu-ropean wine and grape juice 34 and South African wine. 24 In the United States, published surveys for OA and OA-producing fungi have been conducted in USgrown cereal grains and soybeans 26, 27, 33 and US orchard samples, figs, and nuts. 2 Lesions consistently seen with acute to subacute OA exposure in dogs include proximal tubular necrosis with granular casts, necrohemorrhagic colitis, and moderate to severe necrosis of intestinal submucosal lymphoid material. 28 Neither golden-brown pigments nor mineralization was mentioned. Submitted intestinal tissue (n ϭ 7) from these dogs did not have mucosal necrosis. Also, raisins associated with the death of a dog were submitted for toxicological analysis (tissues were not submitted). The OA was not detected in the raisins by using high-performance liquid chromatography d (minimum detection limit: 0.05 ppm). Thus because of differences in the histologic lesions in this case series (golden-brown pigment, mineralization, lack of intestinal mucosal necrosis) and dogs exposed to ochratoxin (necrohemorrhagic colitis) and the lack of ochratoxin detection in a submitted raisin sample, OA is unlikely to be the toxic principle.
Bilirubin and other bile pigment accumulation are not likely the cause of the golden-brown pigment because the pigment remained unstained with Hall bile stain (n ϭ 3 pigmented cases). Also, these 10 dogs were not clinically icteric or anemic (Eubig, unpublished data) and did not have chronic liver injury that might have resulted in renal injury due to high levels of bilirubin. Lysosomal anomalies comparable with myeloid body formation or ceroid formation are also unlikely causes of the pigment. Myeloid bodies are not revealed by HE stains and are generally seen by use of toluidine blue stain. 1 Ceroid accumulation in lysosomes autofluoresces and stains PAS positive. 20 The golden-brown pigment was seen easily in HE-stained sections, did not autofluoresce, and remained unstained in PAMS stains.
Renal mineralization associated with acute renal failure may be found with vitamin D (cholecalciferol) toxicosis, 16 the polyuric recovery phase of rhabdomyolysis-induced acute renal failure, 8, 15 and milk-alkali syndrome. 19 In dogs with cholecalciferol toxicosis, the expected renal Ca:P is between 0.5 and 0.9, whereas in normal dogs, it is generally Ͻ0.1. 22 The renal Ca:P in 2 cases, although elevated (0.12 and 0.29), are not in the range expected for vitamin D toxicosis. However, these were the only 2 fresh kidney samples submitted; evaluation of more samples to determine the renal Ca:P distribution may allow better assessment of the potential role of vitamin D acting agents. Rhabdomyolysis-induced acute renal failure is unlikely because of lack of myoglobin casts and most of the dogs were anuric and had not entered the polyuric recovery phase. The acute renal failure induced by milk-alkali syndrome is generally associated with long-term ingestion of alkalizing agents and calcium supplements rather than a one-time exposure. 19 Hypercalcemia and renal mineralization not associated with acute renal failure is seen in laboratory animals subchronically to chronically exposed to slowly digestible/undigestible sugars, sugar alcohols, and modified food starches. 4, 17 The proposed mechanism of the hypercalcemia is sugar-induced stimulation of calcium absorption from the ileum and large intestine. 32 The mechanism of sugar-induced calcium absorption is poorly understood, but it is vitamin D independent. 10 It is directly related to the presence of calcium in the ingesta because no increase in calcium absorption occurs if the calcium and sugar are administered separately. 32 No adverse effects, other than transient diarrhea, were noted in laboratory dogs given an acute dose of Ն20 g/kg polydextrose. 4 When chronically fed high levels of polydextrose (up 50% of the diet), nephrocalcinosis was not seen after 3 months of exposure. 4 After 6 months, serum calcium levels had gradually increased and nephrocalcinosis had developed. 4, 17 Because grapes and raisins have high sugar content (25 g sugars/160 g grapes; 98 g sugars/165 g raisins; www.nutritiondata.com), sugar-induced stimulation of calcium absorption may be part of the mechanism of the hypercalcemia and renal mineralization seen in these dogs. However, dissimilarities in time of onset (days vs. months), lower calcium content in grapes/ raisins (www.nutritiondata.com) versus dog food, e and severity of clinical signs (life-threatening acute renal failure vs. no overt clinical renal signs) among this case series and laboratory dogs suggests additional factors also contribute to grape/raisin-associated hypercalcemia and renal mineralization. The role of hypercalcemia in all dogs suffering from grape/raisin toxicosis is uncertain because 1 out of 3 of the dogs in a clinical case series (of which these 10 dogs are a part) had normal serum calcium (Eubig, unpublished data). Evaluations of serum calcium and phosphorus, renal histology, and renal Ca:P ratios at various time points in animal models are needed to evaluate the role of calcium homeostasis disorders and the significance of the renal mineralization in the pathophysiology of grape/raisin toxicosis.
Alterations in renal tubular blood flow and oxygenation can also lead to renal tubule damage. The role of vasoactive agents could not be examined in this study; whole animal or perfused kidney models may be needed to evaluate the role of vasoactive agents. Whereas inflammatory cells, Ig deposits with PAMS stain, and fibrin with PTAH stain were not seen in examined kidney sections, the role of inflammation and inflammatory agents is uncertain because vascu-litis was seen in other organs in 3 out of 9 cases. However, a vasoactive mechanism similar to that seen in those other nonrenal organs (discussed below) is an unlikely cause of renal ischemia because no arterial lesions were found in the kidneys. On the other hand, systemic hypotensive mechanisms might not necessarily induce renal arterial lesions. 1 Finally, the lack of calcium oxalate crystals and a renal Ca:P Ͻ2.0 rule out oxalate nephrosis. 22 The lesions seen in the other organs could be because of multiple factors secondary to the acute renal failure or its treatment, such as treatment-related volume overload (hepatic congestion), and endogenous or exogenous corticosteroids (lymphoid depletion). A potential primary cause of both the renal tubular necrosis and necrosis seen in other tissues is a vasoactive agent inducing restricted blood flow and decreased oxygenation to those organs. However, as previously mentioned, this study could not evaluate the role of vasoactive agents. Mineralization in other organs is not unexpected because all cases with measured serum calcium and phosphorus had a serum CaP Ͼ60. 16 The potential role of vasculitis-inducing agent is uncertain. No capillary or arterial endothelial alterations were noted in any of the renal sections, and fibrin was not noted in a case that was stained with PTAH. However, arteritis was noted in other tissues, specifically the colon (2 out of 5), aortic adventia (1 out of 2), and myocardium (1 out of 5). In all these cases, the arteritis had a scattered, multifocal distribution. It is unlikely that renal arteritis was missed with numerous renal sections evaluated in each case. The presence of fibrin and immunoglobulins in affected arterioles suggests an infectious process or hypersensitivity reaction. 30 No bacterial or fungal organisms were revealed with Steiner stain. However, because all the dogs had gastrointestinal upset (e.g., vomiting, diarrhea), it is possible that bacterial endotoxin of intestinal origin was released systemically. It is also possible that the dogs had an idiopathic allergic reaction to the grapes themselves; grape allergy is a recently reported phenomenon in human medicine, with symptoms ranging from local oral angioedema to systemic anaphylaxis. 31 The presence of intact basement membranes in all cases and of regenerating tubules in half the cases suggests recovery from the acute renal failure is possible. 23, 35 Because most of the dogs were anuric, treatment with peritoneal or hemodialysis should be considered to allow for patient survival until renal regeneration has occurred. In a recently published clinical case series, 2 out of 4 dogs with grape/raisin toxicosis underwent peritoneal dialysis; one of these dogs recovered with no overt long-term effects whereas the other developed septic complications and died. 13 In summary, ingestion of grapes or raisins has been associated with acute renal tubular necrosis in dogs. Over half of the cases presented in this study contained a perinuclear, golden-brown pigment with an unknown relationship to iron. Intranephrotic mineralization was also seen in most of the cases. This may be related to sugar-induced increase in calcium absorption in the ileum and also involve other hypercalcemic mechanisms. Half of the cases had tubular regeneration. Three cases of large dogs had arteritis in the myocardium, colon, or aortic adventitia and colon. Further research is needed to identify the toxic principle, environmental factors that promote its formation in grapes, its mechanism of action, role of calcium homeostasis disruption, role of vascular reactivity, relevance of the golden-brown pigment formation to the mechanism of action, and markers of susceptibility in dogs and other species.
